








RECOVERY OF NICKEL AND CADMIUM FROM SPENT NICKEL-CADMIUM BATTERIES BY ENVIRONMENTAL FRIENDLY HYDROMETALLURGICAL ROUTE

	This thesis deals with the process development for the recovery of Ni and Cd metal values from spent Ni-Cd batteries using hydrometallurgical process such as solvent extraction (SX). Rechargeable Ni-Cd batteries have been chosen for the work because these are hazardous and represent within the wastes, an environmental pollutant in terms of heavy metal content. Though these batteries have properties that find their use in many applications in daily life, but the disposal of spent batteries is drawing much attention because of the metals present in them. Indiscriminate disposal of spent batteries into the soil and water can pollute the environment and at the same time useful substances such as nickel and cadmium are disposed off with out recycling. In view of increasing demand and growth rate of Ni-Cd batteries in the country, the economic importance of these metals and natural resource conservation, the proposed work would serve as an alternative solution to spent batteries disposal.
Literature review on extraction, separation and recovery of metals revealed the use of many methods. The biohydrometallurgical/ bioleaching is the process by which metals are extracted from ore-bearing rocks using microorganisms. But these methods suffer from slow reactions ranging from 50-90 days, the microorganisms cannot with stand high temperatures and metal recoveries are also not quantitative. On the other hand, hydrometallurgical leaching of ores/ byproducts/ wastes with mineral acids from room temperature to about 90 oC offers an excellent alternative due to low energy requirements compared to high temperature pyrometallurgical methods. Using methods such as precipitation, oxidation, crystallization and electrochemical methods, it is difficult to separate these metals in a simple and economical way. Therefore the separation of cadmium and nickel from other commonly associated metals requires the development of an efficient methodology. Solvent extraction is one such method, which has been used widely in extractive metallurgy for metal recovery and purification. This technology has also been proposed for waste treatment, recycling of some metal residues and metal recovery from spent catalysts. This is also the most versatile method used for removal, separation and concentration of metal ions. 
The hydrometallurgical process such as solvent extraction are treated as the most efficient separation technology.  Solvent extraction is a process of transferring a chemical compound from one liquid phase to a second phase that is immiscible with the first. For the separation and purification of metal ions, this method is known since 1842. In SX process, a solute distributes itself between two immiscible liquids. The distribution of a solute between two immiscible solvents is univariant at constant temperature and pressure. That is, if we choose the concentration of the solute in one phase, its concentration in the other phase is fixed.  In analytical chemistry, this method enjoys a favored position among separation techniques because of its simplicity, speed and wide scope. By utilizing simple apparatus no more complicated than a separatory funnel and requiring several minutes utmost to perform, extraction procedures offer much to the analytical chemists. In chemical technology, the solvent extraction of metal chelates plays an important role in the purification of chemical reagents. 
The benefits coming from this process are:
o	Complete recovery of metals giving high purity products
o	Low energy requirements 
o	Avoidance of air emissions and 
o	Minimization of wastes
In spite of the commercial metal separation processes available based on SX, there have been continuous efforts worldwide in the development of new reagents and their applications for metal determination, metals separation in analytical chemistry and ultimate use in commercial separation of metals if possible. In this endeavour, the development of organophosphorus based extractants such as- TOPS 99 an equivalent of D2EHPA (Di-2-ethylhexyl phosphoric acid) produced by the Heavy Water Board, India, PC 88A (2-ethyl hexyl phosphonic acid mono-2-ethyl hexyl ester) marketed by Daihachi Chemical Industry, Japan, Cyanex 272 (bis (2,4,4-trimethylpentyl) phosphinicacid), Cyanex 923 a mixture of four trialkylphosphine oxides (R3 P=O, R2Rا P=O, R3ا P=O, R2ا R P=O, where R- hexyl and Rا- octyl), Cyanex 302 (bis(2,4,4-trimethylpentyl)monothiophosphinic acid), and Cyanex 301 (bis(2,4,4-trimethylpentyl)dithiophosphinic acid) marketed by Cytec Canada, which are commercially applied for impurities removal from feed solutions, separation and recovery of cobalt from nickel, separation of rare earths etc., and oxime based extractants such as LIX 84-I (2-hydroxy-5-nonylacetophenoneoxime) supplied by Henkel Corporation, Ireland, which are commercially applied for the separation and recovery of copper from highly acidic lean leach liquors obtained by the dump leaching of inferior quality copper sources, achieved a breakthrough in separation science and technology.
In the present investigation, the solvent extraction studies of cadmium and nickel from chloride/sulphate leach liquors of spent Ni-Cd batteries have been carried out using the organophosphorus and thioorganophosphorus extractants. Oximes have been used for the solvent extraction studies of nickel and the separation of nickel from copper and zinc. On the other hand, the solvent extraction studies of cadmium and nickel have been carried out using isoxazolones that were synthesized in the laboratory. 
Organophosphorus and thioorganophosphorus extractants have some particular advantages such as chemical stability, good kinetics of extraction, good loading and stripping characteristics, low solubility in the aqueous phase and their availability in commercial quantities. Recently there have been increased interests in the potential applications of phosphonic and phosphinic acids. 
Oximes are designed specifically for the selective extraction of copper from dilute copper dump leach liquors. These extractants are being investigated mainly for the extraction of copper, however other metals are also extracted by the oximes depending on the aqueous phase pH and metal oxidation state. Several types of oximes have been used for metal extraction studies due to their good extraction abilities, loading capacities and kinetics of extraction. The oximes as extraction reagents offer immense possibilities for chemical separations in view of the numerous combinations of long chain oximes, the wide array of diluents available and many anionic aqueous systems that can be readily produced. Isoxazolone group based extractants, have low acid dissociation constant due to electron delocalization and this property makes the isoxazolones an interesting class of β–diketones with potential application as reagents for extraction of metal ions forming strong complexes in acidic media. The general mechanism with these extractants is typified by the following equation: 

                     Mn+(aq) + n HA(org)                    MAn (org)  +   n H+(aq)
Where M = Metal in aqueous phase; HA = Extractant in organic phase and n = Number of moles of the extractant.
Kerosene was used as the diluent in the present work, because it is very cheap and readily available. Regeneration and recycling of the extractants is an important phenomenon in commercial SX process. The results on recycling and reuse of extractants revealed practically insignificant change in the extraction efficiency of these extractants. 
In any commercial extraction process, it becomes necessary to back extract the metal from the loaded organic phase. Stripping studies were examined for all the commercial extractants such as organophosphorus, thioorganophosphorus and oximes. The results revealed that the metals were stripped very easily with acidified distilled water and low concentrations of acids. 





This chapter deals with the sources, occurrence, uses and health hazards associated with the uncontrolled disposal of wastes containing cadmium and nickel in the environment. The maximum permissible limits of these metals into water and air were also given. The environmental regulations posed by other countries concerning the disposal of wastes and alternatives for waste disposal have been highlighted. Among the alternatives suggested, recovery and recycling of wastes serves as the best method to reclaim metal values which reduces the environmental impact and also important from environmental and economic point of view. 
The national and international status of Ni-Cd batteries, cadmium production and consumption patterns, including Ni-Cd battery recycling was discussed. The selection of solvent extraction methodology in the present work has been highlighted. The classification of various extractants and their importance in metal extraction, separation and recovery processes were studied. It further projects the versatility of these extractants for use in the treatment of spent Ni- Cd battery leach liquors for extraction and recovery of cadmium and nickel. Finally, literature review on the state-of-art of Ni-Cd batteries, with a view on other rechargeable batteries, different treatment methodologies for metal extraction, separation and recovery/recycling of the metal values present in them have been presented.
Chapter II: Materials and methods

Chapter II deals with various extractants (commercial as well as synthesized) and their molecular structures, salts and other chemicals employed in the present work. The characterization of spent nickel-cadmium batteries including secondary battery manufacturing companies in India, production capacities and their applications in various fields were studied. The batteries used in this work, the break down of various components including their percentage distribution and chemical analysis of metal ions in positive and negative electrodes of the battery and samples were presented. The apparatus used for the study, the experimental procedures and preparation of metal-ligand complexes were discussed. General mechanism of metal extraction with acidic extractants as well as extractants involving solvation were highlighted. 

Chapter III: Solvent extraction and separation of Cd, Ni and Co from chloride/sulphate leach liquors of spent Ni–Cd batteries using organophosphorous extractants
This chapter is divided in to two parts:  Part-A and Part-B
Part-A deals with the extraction and separation of Cd, Ni and Co from chloride leach liquors of spent Ni–Cd batteries. Phosphorus based extractants such as Cyanex 923, Cyanex 272 and TOPS 99 diluted in kerosene were used. Leaching tests were carried out using hydrochloric acid for the complete dissolution of metals. The different variables studied to optimize the process parameters are leaching time, acid concentration and solid to liquid ratio. The composition of chloride leach liquor is: Cd=6.27 g/L, Co=0.14 g/L and Ni=21.56 g/L at pH 1.0. The parameters studied are: effect of equilibrium pH, extraction isotherms for extraction and stripping, counter-current extraction and stripping simulations. Cyanex 923 was used for the selective separation of cadmium from nickel and cobalt. Cyanex 272 was selected as the best extractant for the separation of cobalt from nickel. Nickel recovery from the cobalt raffinate was achieved with TOPS 99 as the extractant. A complete flow sheet of the process for the separation and recovery of Cd, Co and Ni as chlorides was developed on laboratory scale. For the first time, we have exploited Cyanex 923, a phosphine oxide extractant, successfully for the clear separation of Cd from Ni-Co from clroride leach solutions of spent batteries with high degree of purity. 
Part-B deals with the solvent extraction studies on the separation and recovery of cadmium, cobalt and nickel from sulphate leach liquor of spent Ni–Cd batteries. Leaching test conditions and the parameters studied are same as that for chloride leach liquor. Phosphorus based extractants such as Cyanex 301, Cyanex 302, Cyanex 272 and TOPS 99 diluted in kerosene were used. The composition of the leach liquor is: Cd=2.40 g/L, Ni=5.94 g/L and Co=0.05 g/L at pH 0.3. Among the phosphorus based extractants screened, Cyanex 301 showed selectivity for the separation of Cd from Co and Ni. Cyanex 272 was selective for the separation of cobalt from nickel. TOPS 99 was used for the recovery of nickel from cobalt raffinate. Complete process flow sheet for the separation and recovery of Cd, Co and Ni as sulphates was demonstrated. 
	The work highlights the overall metal recovery values >99.9% with all the extractants. It also highlights the utility of acidic organophosphorus extractants such as Cyanex 923, TOPS 99, PC 88A and Cyanex 272 that are highly effective and used commercially to recover transition metals. On the other hand, thioorganophosphorous extractants such as Cyanex 301 and 302 were used which can extract metal ions at lower pH values. This behavior is useful for the treatment of metals containing highly acidic aqueous solutions like the spent battery leach liquors where pH adjustment is very difficult. In spite of the large number of studies reported on the extraction of various metal ions with Cyanex 923 and Cyanex 301 extractants, these were explored first time for the selective separation of cadmium from cobalt and nickel for the treatment of spent battery leach liquors. Kerosene was used as the diluent, which is the cheapest of all the diluents. Cobalt-nickel separation factor > 4700 was achieved using Cyanex 272 as the extractant. The enrichment of cobalt and nickel during extraction and stripping stages was about 4.7 and 1.6 times respectively with chloride leach liquor and the enrichment of cobalt in sulphate leach liquor was about 6 times. Stripping was achieved with acidified distilled water and the organic phase free of metal was recycled back to the extraction stage where it can be used several times. This is very important from an economic and environmental point of view. Above all, the generated chloride/sulphate salts of cadmium, cobalt and nickel are in pure form. The present study highlights the excellent separation possibilities of Cd with Cyanex 301 from highly acidic sulphate leach solutions of spent Ni-Cd batteries but needs high concentrations of HCl to bring the metal back and at the same time regenerating the extractant for use. 

Chapter IV: Solvent extraction of cadmium from sulphate solutions using TOPS 99, PC 88A, Cyanex 272 and their mixtures and studies on solvent extraction of cadmium and nickel from sulphate medium with 3-phenyl-4-acyl-5-isoxazolones 
This chapter is divided in to two parts:  Part-A and Part-B
Part-A deals with the studies on extraction of cadmium from sulphate solutions using organophosphorous based extractants such as TOPS 99, PC 88A and Cyanex 272 in kerosene. Various parameters studied include: the effect of equilibrium pH, extractant and metal concentration, different salts, loading capacity, stripping of cadmium from loaded organic, synergism, characterization studies of the cadmium–TOPS 99 solid complex and the extraction behavior and possible separation of cadmium and nickel from the mixture of metals. 
This study establishes the dependence of cadmium extraction on equilibrium pH of the aqueous phase and extractant concentration. The results show that the extraction of Cd by these extractants involves cation exchange mechanism with the formation of 1:3 metal to extractant complex. Experiments on metal loading capacity shows that the extractants are in pure form. Increase in salt concentration decreased the percentage extraction of cadmium. Studies with mixtures of extractants indicated TOPS 99 to be the best synergist. Characterization studies on the metal-ligand complex by FTIR and 31P NMR supported the complex formation with the phosphorus-hydroxyl (P-OH) group. The results of this study are important from the environmental point of view in the treatment and recovery of cadmium from wastes such as spent batteries/industrial wastewaters. 
Part-B involves the studies on the extraction of cadmium and nickel from sulphate solutions using 3-phenyl-4-acyl-5-isoxazolones, viz., 3-phenyl-4-(4-fluorobenzoyl)-5-isoxazolone (HFBPI), 3-phenyl-4-(4-toluoyl)-5-isoxazolone (HTPI) and 3-phenyl-4-benzoyl-5-isoxazolone (HPBI) diluted in xylene. The different parameters studied are: variation of equilibrium pH of the aqueous phase, extractant and metal concentration on the extraction of metals with the three reagents. Characterization studies of the metal complexes were performed by elemental analysis, IR spectra and 1H-NMR. Finally, the extraction behavior of cadmium and nickel with their associated metals like cobalt, manganese and zinc was also studied.
Isoxazolone group based extractants, have low acid dissociation constant due to electron delocalization, and this property makes them an interesting class of β–diketones with potential application as reagents for extraction of metal ions from low acid media. Solvent extraction studies of cadmium and nickel have not been explored till date. Therefore, the present study highlights the utility of these extractants for use in the extraction of cadmium and nickel. The effect of equilibrium pH indicates the exchange of two moles of H+ for every mole of metal ion. Studies on the variation of extractant concentration revealed that 2 moles of extractant are required per mole of metal ion, the extracted species being ML2 (M: Cd or Ni). And the effect of metal concentration indicates that monomeric metal species is extracted into the organic phase. The present study revealed the transfer of metal by cation exchange mechanism with the three reagents and the extraction efficiency follows the order HFBPI>HPBI>HTPI for cadmium and nickel. Characterization studies of the complexes by IR, 1H-NMR spectra and elemental analysis supported the metal-ligand complexation. The studies on the extraction behavior of cadmium and nickel with their associated metals revealed that cadmium could be separated from nickel, cobalt, manganese and zinc.
Chapter V: Solvent extraction of Ni from sulphate solutions with LIX 84I. Development of flow sheet for the separation of Cu, Ni and Zn from their mixtures
This chapter is divided in to two parts:  Part-A and Part-B
Part-A reports the solvent extraction studies of nickel from sulphate solutions using LIX 84I as the extractant. The parameters studied are: effect of equilibrium pH, extractant and metal concentration, diluents, loading capacity of extractant, regeneration and recycling, stripping and extraction behavior of nickel with its associated metals. Based on the data on extraction behavior of nickel with its associated metals, differences in equilibrium pH between copper, nickel and zinc was observed. From the results on their extraction and selective separation at particular equilibrium pH values, it was concluded that there is a possibility to separate these metals. Therefore a synthetic sulphate solution containing copper, nickel and zinc was prepared and a flow sheet for the selective separation and recovery of these metals using LIX 84I was developed. 
Oximes are being investigated mainly for the selective recovery of copper from lean leach solutions available during the processing of low-grade copper containing raw materials. Several types of oximes have been used for metal extraction to study their extraction abilities, loading capacities and kinetics of extraction. LIX 84I (2-hydroxy-5-t-nonyl-acetophenoneoxime) is one such oxime, which has been proposed for copper extraction. Today about 30% of copper in the world is produced using this reagent from low-grade copper ores containing < 1% copper. Nickel is used as an alloying metal, in electroplating, batteries and as catalysts. Sulphidic, oxidic nickel ores and various nickel bearing secondary materials such as super alloy scrap, spent batteries and catalysts, dust etc. are potential sources for nickel production. Studies on extraction of nickel with this reagent in sulphate solutions have not been explored. Therefore this mainly focuses on the extraction behavior of nickel with LIX 84I in synthetic sulphate solution. 
Experiments on the effect of equilibrium pH, extractant and metal concentration revealed that the transfer of nickel follows a cation exchange mechanism with the species extracted into the organic phase as NiA2.  The loading efficiency of 97% of the extractant indicates that the extractant used is in pure form. The effect of salts showed that the percentage extraction of nickel follows in the decreasing order as NaNO3 > Na2SO4 > NaCl > NaSCN. Stripping efficiency of ~99.3% was obtained with HCl, H2SO4 and HNO3 and increasing acid concentration. Regeneration and recycling capacity of the solvent was observed up to ten cycles. Characterization of the Ni-LIX 84I complex by FTIR supported the metal complexation. Above all, the proposed study highlights the selective separation and recovery of copper, nickel and zinc using LIX 84I. 
Part-B is the continued work of part-A which deals with the development of a solvent extraction flow sheet for the separation and recovery of Cu, Ni and Zn using LIX 84I from synthetic sulphate solutions. The parameters studied for these metals include: the influence of aqueous phase equilibrium pH, extraction isotherm, counter-current extraction and stripping simulations. Major sources for the production of copper, nickel and zinc appears to be from the raw materials such as oxide, silicate and sulphide ore concentrates namely chalcopyrite, pentlandite, scrap/spent catalyst or batteries/dust, etc. Hydrometallurgical methods of leaching/dissolution of such materials under atmospheric/pressure conditions employing chloride/sulphate systems result in leach liquors containing copper, nickel and zinc along with some impurities. Using classical methods such as precipitation, it is difficult to separate these metals. However, metals in pure form can be obtained by using solvent extraction. In view of the industrial and economic importance of these metals, there is a great need to separate and recover them using cost effective commercial extractants. Therefore studies on the solvent extraction of these metals have been carried out using LIX 84I.
 	The work highlights the separation of Cu, Ni and Zn from one another, which is mainly based on the difference in their extraction behavior as a function of equilibrium pH and pH1/2 values. Copper was extracted completely at equilibrium pH 4.0. Copper in the strip solution was enriched by more than seven times. Complete extraction of nickel was achieved at an equilibrium pH of 7.50. Further, zinc was extracted completely at equilibrium pH 9.0. Based on these results, a complete solvent extraction flow sheet of the process was developed with extraction and stripping efficiencies >99.5%. The results highlight the clear separation of Cu, Ni and Zn from one another by solvent extraction technique with high purity simply by adjusting the aqueous phase pH and different concentration of same reagent. The reagent can be easily regenerated and reused for continuous solvent extraction separations. The present approach demonstrates the application of the results for the separation of valuable metals from leach liquors obtained by the treatment of their ores/wastes. The final outcome of the study is the publication of results in six international journals and one paper accepted.

 The distinctive features of the present work are:
	The methodology (SX) used in the present work enjoys a favored position among separation techniques because of its simplicity, speed and wide scope. 
	Very low concentrations of acids were used for leaching the metals.
	The extractants used in this work are commercially available, cheap and low concentrations have been used for metal extraction. 
	The work highlights the use of kerosene as diluent that is cheap and readily available. 
	Stripping of metal from the loaded organic phase is an important phenomenon in any commercial extraction process, in terms of economic considerations. The results on stripping studies revealed that the metals were stripped easily with acidified distilled water and low concentrations of acids. 
	Regeneration and recycling of extractants is also another important feature in this work. 
	The generated chloride/sulphate salts of cadmium, cobalt and nickel are in pure form and their recovery values were >99.9%.
	R & D out put in the present study on treatment of toxic Ni-Cd batteries would become source and data in the coming years to tackle the problem of disposal of spent batteries by alternate hydrometallurgical technique.
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